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We report direct laser cooling of a symmetric top molecule, reducing the transverse temperature of a beam
of calcium monomethoxide (CaOCH3) to 730 µK while addressing two distinct nuclear spin isomers. These
results open a path to efficient production of ultracold chiral molecules and conclusively demonstrate that by
using proper rovibronic optical transitions, both photon cycling and laser cooling of complex molecules can be
as efficient as for much simpler linear species.
Laser cooling of atomic systems has enabled extraordinary
progress in quantum simulation, precision clocks, and quan-
tum many-body physics [1–4]. Extending laser cooling to
a diversity of complex polyatomic molecules would provide
qualitatively new and improved platforms for these fields.
The parity doublets that result from rotations of a molecule
around its principal axis, a general feature of symmetric top
molecules, give rise to highly polarized states with structural
features that are greatly desirable for both quantum science
and precision measurement [5–7]. The rapid photon cycling
that is necessary for laser cooling additionally provides a key
to many envisioned applications that benefit from high-fidelity
quantum state readout. However, the same complexity that
provides these advantages makes laser cooling challenging for
these molecules. Recent theoretical proposals have nonethe-
less suggested that laser cooling of polyatomic molecules,
even nonlinear ones like symmetric tops, is a practical pos-
sibility [8–10].
In this work, we use rapid photon cycling to laser cool a
molecular beam of calcium monomethoxide (CaOCH3), re-
ducing the transverse temperature from 22 mK to 730 µK
while scattering over 100 photons. We demonstrate effi-
cient and state-selective cooling of two nuclear spin isomers
(NSIs) [11–13]. The laser cooling methods applied here result
in rapid damping of molecular motion on a submillisecond
timescale, without the need for trapping, and open a path to
efficient production of ultracold nonlinear molecules, includ-
ing their eventual use in precision measurements and optical
tweezer arrays [7, 14].
Laser cooling relies on repeatedly scattering photons from
an atom or molecule via rapid optical cycling. This re-
moves energy and entropy with directed momentum kicks.
Both direct [15–22] and indirect [23, 24] methods of slowing,
cooling, and trapping molecules have been employed with
considerable success. Direct laser cooling has brought di-
atomic [25–28] and linear triatomic [29–31] molecules into
the microkelvin regime, with orders of magnitude increase
in phase-space density. Critically, the ability to rapidly cy-
cle photons, which is essential to laser cooling, naturally
also allows for efficient quantum state preparation and read-
out [14, 32], necessities for proposed quantum computation
and simulation platforms using ultracold molecules, including
those proposed for symmetric top molecules [5, 6].
The established recipe for achieving optical cycling and
laser cooling of molecules requires three key ingredients:
strong electronic transitions between two fully bound molec-
ular states; diagonal Franck-Condon factors (FCFs), which
limit branching to excited vibrational levels; and rotationally
closed transitions. Here we satisfy these conditions for the
molecule CaOCH3 using two distinct optical cycling schemes
that enable rapid scattering of photons. Efficient laser cooling
is demonstrated using only a few lasers, despite the presence
of twelve vibrational modes. The state-selectivity of the cool-
ing is intimately connected to both the nuclear spin statistics
of the molecule, as well as its rigid-body angular momentum
along the symmetry axis, denoted by the quantum number K′′
in the ground state (Fig. 1a,d). These unique features of sym-
metric top molecules were not accessible to previously laser-
cooled diatomic and triatomic molecules.
We study laser cooling of both nuclear-spin isomers (NSIs)
of CaOCH3, each of which corresponds to a specific set of
K states. To cool the symmetric (ortho) NSI, we laser ex-
cite molecules in ground states with K′′ = 0 (Fig. 1a-c).
The main cooling laser light at 629 nm drives the diagonal
X˜ 2A1− A˜ 2E1/2000 vibronic transition between states with no
vibrational excitations.1 Parity and angular momentum selec-
tion rules allow full rotational closure addressing a single rota-
tional component (N′′= 1) of the X˜ 2A1 ground state (Fig. 1c).
This is the same scheme employed for laser cooling of linear
molecules, indicating that symmetric top states with K′′ = 0
effectively "freeze out" the particular additional complexity
of nonlinear CaOCH3 molecules for this specific NSI. We use
two lasers to take the molecules that are lost to the 41 and 31
vibrational manifolds and repump them back into the cooling
cycle, as depicted in Fig. 1b. The diagonal FCFs of CaOCH3
1 Here we use the standard vibrational notation nv
′
v′′ , where n labels the nor-
mal mode of vibration, and v′′ and v′ specify the number of excited quanta
in the lower (v′′) and upper (v′) state. We adopt the labeling convention
where n= 3 is the antisymmetric (O–C) stretching mode, n= 4 is the sym-
metric (Ca–O) stretching mode, and n= 8 is the doubly degenerate Ca–O–
C bending mode (see Supplemental Materials). The remaining eight modes
play no role in this work. Individual ground and excited states are labeled
nv′′ and nv
′
, respectively.
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2Figure 1. CaOCH3 laser cooling schemes. a,d, We employ two
optical cycling schemes, which target molecules differing in their
angular momentum quantum number K and their nuclear spin statis-
tics (represented by arrows on the hydrogen nuclei). b-c, For ortho-
CaOCH3, we address the 00, 41, and 31 vibrational levels of the
X˜ 2A1(K′′ = 0) ground state. Vibrational branching ratios are il-
lustrated by downward arrows. Rotational closure is achieved by
addressing N′′ = 1, J′′ = 1/2,3/2 ground-state manifolds. The to-
tal parity of each state is indicated by + and − signs. e-f, For
para-CaOCH3, we address the 00 and 41 vibrational levels of the
X˜ 2A1(K′′= 1) electronic ground state, driving transitions from N′′=
1 and N′′ = 2 to achieve rotational closure. Each J state contains an
unresolved parity doublet denoted by±. See Supplemental Materials
for further details on the optical cycling scheme.
[33] enable each molecule to scatter an average of 120 pho-
tons before being lost to other vibrational states. These losses
are understood to be dominated by decay to the 42 and 314181
vibrational levels of the X˜ 2A1 state [33].
We also laser cool the asymmetric (para) isomer, excit-
ing ground states that have K′′ = 1 (Fig. 1d-f). The ex-
istence of unresolved (opposite) parity doublets in both the
ground and excited states means that full rotational closure
requires addressing both N′′ = 1 and N′′ = 2 components of
the X˜ 2A1 state. The main cooling laser at 629 nm addresses
the X˜ 2A1(N′′ = 1)− A˜ 2E1/2000 vibronic transition, while ro-
tational and vibrational repumping lasers recover molecules
from the X˜ 2A1(N′′ = 2)00 and X˜ 2A1(N′′ = 1)41 states (Fig.
1e). This enables scattering an average of 30 photons be-
fore molecules are optically pumped into the X˜ 2A1(N′′= 2)41
state. We recover this population by optical pumping via the
B˜ 2A100 state before detecting the molecules. We note that if
one were to address both the N′′ = 1 and N′′ = 2 components
of the 31 vibrational mode, this would allow scattering 120
photons on average, just as in the ortho-CaOCH3 scheme de-
scribed earlier. See Supplemental Materials for further details
on both the para and ortho photon cycling approaches.
We laser cool CaOCH3 by employing the magnetically-
assisted Sisyphus effect, a highly efficient and robust cool-
ing method first established with atoms [25, 29, 30, 34–
36]. Molecules are produced in a buffer gas beam source
[37], forming a molecular beam that passes through a stand-
ing wave of near-resonant light containing all of the opti-
cal frequencies necessary to establish optical cycling. The
molecules in ground state sublevels that couple to the cooling
light (“bright states”) move through the periodic, AC Stark-
shifted potential that is created by the standing wave. As a
molecule approaches an antinode it is optically pumped into
a dark sublevel with very small AC Stark shift. A small
magnetic field of magnitude |~B| ≈ 1 G, aligned at an an-
gle θ = 45◦ relative to the laser polarization axis, remixes
dark and bright sublevels preferentially at the nodes, restart-
ing the process. When the primary laser frequency has a
positive detuning (∆ > 0) with respect to the main cooling
transition (X˜ 2A1− A˜ 2E1/2000), antinodes of the standing wave
correspond to peaks of the AC-Stark shifted potential, and
molecules lose energy as they climb the potential hill before
being pumped to a dark state, leading to cooling. The opposite
process occurs for ∆< 0, resulting in Sisyphus heating.
The experimental apparatus is similar to one described pre-
viously [31]. A schematic is shown in Fig. 2a. Briefly,
CaOCH3 molecules are produced in a cryogenic buffer gas
environment by ablation of a calcium metal target in the pres-
ence of methanol vapor. The resulting beam has a mean for-
ward velocity of 150±30 m/s and is collimated to a trans-
verse temperature of ∼ 22 mK by a 3× 3 mm square aper-
ture immediately preceding the cooling region. After laser
cooling, the molecules propagate ∼ 50 cm and undergo time-
of-flight expansion in the direction transverse to propagation,
mapping the momentum distribution onto the spatial profile
of the beam. During this expansion they interact with vibra-
tional repumping laser light that returns them to states that can
be detected. Finally, in the detection region, the molecules are
addressed with resonant laser light and the resulting fluores-
cence is imaged onto an electron multiplying charge-coupled
device (EMCCD) camera to extract spatial information, and
thus their transverse temperature.
Figures 2b-d show representative beam images of the ortho
NSI (K′′ = 0) for unperturbed, Sisyphus heated (∆ < 0), and
Sisyphus cooled (∆> 0) configurations. The cooled beam ex-
hibits clear compression with respect to the unperturbed beam
along the cooling axis, indicating a reduced transverse ve-
locity spread, while the heated beam is separated into two
lobes symmetrically displaced from the center of the beam.
Both images demonstrate strong optical forces manipulating
the molecular velocity distribution.
By integrating along the direction of molecular beam prop-
agation we obtain one-dimensional (1D) profiles, shown in
Fig. 3 for both the ortho (a) and para (b) NSI cooling schemes.
The cooled and heated profiles fit well to a sum of two Gaus-
sian distributions, corresponding to two classes of molecules,
those that were Sisyphus laser cooled and those that were not.
The cooled molecules are those with transverse velocities less
than the capture velocity v < vc. Molecules with v > vc are
3Figure 2. Apparatus and beam images. a, Schematic of the experimental apparatus, illustrating the beam source, laser cooling, cleanup,
and detection regions (not to scale). The buffer gas cell is 50.8 mm long with an inner diameter of 25.4 mm. The cooling region contains a
near-resonant standing wave generated by retroreflecting a single, linearly polarized, 6 mm 1/e2 diameter Gaussian laser beam. In the cleanup
region, molecules are repumped out of the X˜ 2A131 (ortho-CaOCH3) and X˜ 2A1(N′′ = 2)41 (para-CaOCH3) states before being imaged onto
an EMCCD camera via laser-induced fluorescence (LIF) detection. Beam images for ortho-CaOCH3 (K′′ = 0) are shown for b, unperturbed,
c, Sisyphus heated (∆=−15 MHz), and d, Sisyphus cooled (∆=+25 MHz) configurations.
Figure 3. Sisyphus cooled and heated beam profiles. Integrated
laser induced fluorescence (LIF) vs. position in a, ortho-CaOCH3
(K′′ = 0) and b, para-CaOCH3 (K′′ = 1) cooling schemes. Sisy-
phus cooling at a positive detuning ∆ manifests itself as a narrowing
of the detected distribution, while Sisyphus heating appears as a bi-
modal distribution. Unperturbed (cooling lasers off) and resonantly
depleted (∆= 0) profiles have the same width but different integrated
area due to optical pumping into dark vibrational states. Solid curves
are Gaussian fits as described in the text.
subject predominantly to Doppler cooling and heating, de-
pending on laser detuning. When ∆ > 0, a large fraction of
molecules fall within vc and are cooled into a central, narrow
peak on top of a broad Doppler heated background. In the
red-detuned case (∆< 0), molecules slower than vc are heated
while faster ones are Doppler cooled. This leads to a con-
centration of molecules at velocities where the Doppler and
Sisyphus forces balance, corresponding to approximately vc.
From the positions of these two peaks we estimate a capture
velocity vc ≈ 1.5 m/s for K′′ = 0 cooling of the ortho NSI. Un-
perturbed and resonantly depleted profiles are shown in gray
and purple, and fit well to single Gaussian profiles.
The integrated area of each of the three ortho-CaOCH3 pro-
files with 1.1 W/cm2 of cooling light applied is approximately
50% that of the unperturbed profile (Fig 3a). This effect is
understood to be due to losses to vibrational states that are not
repumped, most notably X˜ 2A142 and X˜ 2A1314181. Combin-
ing the observed depletion with branching ratios previously
measured for CaOCH3 [33], we determine that 80+100−30 pho-
tons were scattered in the cooling process, while for resonant
depletion the molecules scatter 110+150−40 photons (see Supple-
mental Materials). From this we infer an average scattering
rate of ∼ 2×106 s−1 across the cooling region, which is sim-
ilar to scattering rates observed for laser cooling of diatomic
and linear triatomic molecules [26–30, 38]. Finally, we de-
termine the temperature of the molecules by fitting a Monte
Carlo simulation of the molecular beam propagation to our
data (see Supplemental Materials). This gives an initial trans-
verse temperature T⊥ = 22±1 mK, which is reduced by Sisy-
phus laser cooling to T⊥ = 730±300 µK. Combined with the
enhancement in on-axis molecule density seen in Fig 3a, this
30x temperature reduction corresponds to a 7x increase in the
on-axis phase-space density of the molecular cloud.2
2 Here we define the phase-space density as ρ= nλdBx λdBy λdBz , where n is the
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Figure 4. Experimental parameter scans and theory comparison. a, Variation of beam width as a function of detuning ∆ at a cooling laser
intensity of 400 mW/cm2 and a magnetic field of |B| = 1 G. The grey band depicts the unperturbed molecular beam width. b, Variation of beam
width as a function of laser intensity for ∆= +25 MHz (blue circles) and ∆=−15 MHz (red squares), at a field of |B|= 1 G. c, Variation of
the fraction of cooled molcules as a function of magnetic field, taken at a laser intensity of 400 mW/cm2 and a detuning of ∆ = +20 MHz.
Shaded regions represent the results of the model described in the text, with error bands set by experimental uncertainty in the number of
scattered photons. All error bars and bands for experimental data are standard error of the mean.
Figure 3b shows beam profiles for para-CaOCH3 (K′′ = 1)
laser cooling, taken at a laser intensity of 250 mW/cm2. We
observe significant Sisyphus cooling and heating, though the
effect is weaker than for ortho-CaOCH3 (K′′ = 0). This is
because more ground states are coupled to the same excited
electronic state compared to the K′′ = 0 scheme, leading to a
lower scattering rate [39]. Additionally, the reduced laser in-
tensity used, set by technical limitations, results in a smaller
capture velocity and cooled fraction. Using the same anal-
ysis as above, we find that the cooled molecules here scat-
ter an average of 25± 10 photons, corresponding to an esti-
mated scattering rate of ∼ 0.75× 106 s−1. This is in qualita-
tive agreement with an expected ∼ 2x reduction in scattering
rate compared to ortho-CaOCH3 due to the increased number
of ground states (see Supplemental Materials). Cooling of the
para NSI would be improved with higher laser intensity and/or
interaction length.
We further characterize the Sisyphus cooling mechanism
for ortho-CaOCH3 by varying the laser detuning, intensity,
and magnetic field as shown in Fig. 4. The dependence of
the molecular beam width, defined as the outermost radius at
which the signal falls to 1/
√
e of its maximum value, on de-
tuning (∆) is shown in Fig. 4a. The sign of this dependence is
opposite that of Doppler cooling and is a clear signature of the
magnetically-assisted Sisyphus effect. Both Sisyphus heat-
ing and cooling are optimized at detunings of ∆≈±20 MHz,
and we observe a ∼ 3x decrease in molecular beam width
for optimal cooling, corresponding to a significant increase
in on-axis beam brightness. The dependence of the molecu-
number density and λdBi ∼ 1/
√
Ti is the de Broglie wavelength defined in
terms of the temperature along the ith spatial direction. Because we cool
in 1D only, ρ scales as 1/
√
T .
lar beam width on cooling laser intensity is shown in Fig. 4b.
For both Sisyphus cooling (∆> 0; circles) and Sisyphus heat-
ing (∆ < 0; squares), the beam width changes monotonically
from its unperturbed value until saturating around an inten-
sity of 600 mW/cm2. This corresponds to a maximum cooled
fraction of 60(7)%, defined as the portion of molecules cap-
tured by the Sisyphus effect and cooled into the narrow cen-
tral peak. This saturation indicates that we are able to cool
all molecules in our cryogenic beam with velocity vtrans < vc,
given the initial Gaussian velocity spread σv ≈ 1.6 m/s ≈ vc.
Finally, we plot the cooled fraction as a function of applied
magnetic field for ∆ > 0 (Fig. 4c). As expected, Sisyphus
cooling is suppressed at |B| = 0, though incomplete cancel-
lation of Earth’s magnetic field nonetheless allows residual
remixing of dark states. The cooling efficiency improves up
to fields of |B| ≈ 1−2 G, which is consistent with the optimal
field B0 ≈ 1.6 G predicted by equating the Larmor precession
time due to the remixing field with the time for a molecule to
travel from an antinode to a node of the standing wave (see
Supplemental Materials). At large fields |B| > 3 G we see a
significantly weaker Sisyphus effect due to remixing of bright
and dark states away from nodes of the standing wave.
We model ortho-CaOCH3 laser cooling by solving optical
Bloch equations for the density matrix of a molecule mov-
ing through the laser cooling region. Further details of this
method may be found in Refs. [34, 40, 41]. We take an ap-
proach similar to that of Ref. [30] and model the laser cooling
forces as an average of the force profiles due to laser cooling
in independent J′′= 1/2↔ J′= 1/2 and J′′= 3/2↔ J′= 1/2
subsystems. Additional effects due to velocity-selective dark
states could occur when all substructure is taken into account
[42], but they are not found to be significant here. The result-
ing computed force profiles are used in a Monte Carlo simu-
lation to determine final molecular beam widths and cooled
5fractions (see Supplemental Materials). The results of the
model are shown as shaded regions in Fig. 4. We find that the
damping coefficient at optimal detuning and magnetic field
is ηmax ≈ 9× 104 s−1, which is several orders of magnitude
higher than those achieved for standard radiative cooling of
linear molecules, but expected for the Sisyphus mechanism
[26, 27, 31, 34]. From the force profiles, we also infer a cap-
ture velocity vc ∼ 2 m/s, which is consistent with the experi-
mental estimate obtained from the beam profiles for the case
of ∆< 0, as shown above.
Our results demonstrate the feasibility of directly laser
cooling complex, nonlinear polyatomic molecules into the
submillikelvin temperature regime [43, 44]. This opens the
door to a number of future experiments that span a range of
modern physical and chemical research frontiers. Because
Sisyphus cooling is effective down to the recoil limit [45] (cor-
responding to ∼ 500 nK for molecules with similar mass to
CaOCH3), these techniques could be used to achieve bright,
highly-collimated, few-µK molecular beams useful for preci-
sion measurements and studies of ultracold chemistry [46].
Efficient and state-selective laser cooling of both nuclear spin
isomers also offers a method to separate them using radia-
tion pressure beam deflection of specific spin species, a topic
of interest in physical chemistry [11–13, 47]. By adding a
small number of other laser frequencies to the laser cooling
of CaOCH3 [33], optical tweezer arrays of symmetric top
molecules should be possible, as recently accomplished with
diatomic molecules [14]. This would offer an ideal starting
point for realizing new polyatomic quantum simulation and
computation platforms [5, 6]. Laser cooling could also be
extended to asymmetric tops, including biochemically rele-
vant chiral molecules [9, 10, 48, 49]. Finally, laser cooling
and trapping of the heavier symmetric top molecule YbOCH3
would allow precise searches for time-reversal violating inter-
actions at a previously inaccessible energy scale, while ultra-
cold chiral molecules such as YbOCHDT could enable preci-
sion probes of fundamental parity violation [7, 30].
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7Supplemental Materials
Optical cycling and CaOCH3 structure
We optically cycle photons on the X˜ 2A1− A˜ 2E1/2000 transition
in CaOCH3. To prevent rotational branching we exploit angu-
lar momentum selection rules involving KR, the projection of
the rigid body rotation R onto the molecular symmetry axis,
and K, the projection of the total angular momentum exclud-
ing spin, N. Note that the quantum number K also includes the
electronic angular momentum Λ about the symmetry axis. In
non-degenerate states like X˜ 2A1 and B˜ 2A1 we have K ≈ KR
while for the doubly-degenerate A˜ 2E state |K| ≈ |KR| ± 1.
These two rotational levels are split by a large Coriolis interac-
tion. Because almost all of the change in angular momentum
comes from the electron’s orbital angular momentum, KR is
approximately conserved during excitation on the A˜− X˜ band.
We therefore group states by KR and look for closed rotational
transitions within these “KR stacks” [50, 51].
Within the KR = 0 stack, we drive transitions from
X˜ 2A1(K′′ = 0) to A˜ 2E1/2(K′ = 1). The ground state is well
described by Hund’s case (b), with individual rotational lev-
els N′′ split into two components J′′ = N′′±1/2 by the spin-
rotation interaction, while the A˜2E state is well described by
Hund’s case (a). Rotational closure is attained by address-
ing rP11 and rQ12 transitions from N′′ = 1, i.e. X˜ 2A1(K′′ =
0,N′′ = 1,J′′ = 1/2,3/2,−)→ A˜ 2E1/2(K′ = 1,J′ = 1/2,+),
where signs indicate the parity of each state (see Fig. 1 of
the main text).3 The B˜ 2A1 state is described by Hund’s case
(b), and repumping lasers through this state address the (K′ =
0,N′= 0,J′= 1/2,+) rotational level. The spin-rotation split-
ting in the ground state is 19 MHz [53]. All repumping lasers
are tuned halfway between these two components and are suf-
ficiently power-broadened to address both levels. The main
cooling laser also consists of a single frequency component
and can be scanned in the vicinity of one or both states. Hy-
perfine structure due to the nuclear spin of the hydrogen atoms
is below the natural linewidth of the optical transitions and is
therefore neglected [54].
Symmetry arguments within the C3v molecular symmetry
group relate the nuclear spin state to the magnitude of KR.
Because rovibronic states with KR = 0 transform like A1 or
A2, and the total internal state, including nuclear spin, must
also transform like A1 or A2 due to Fermi-Dirac statistics, the
nuclear spin state corresponding to K′′ = KR = 0 is the ortho-
CaOCH3 NSI, which has nuclear spin I = 3/2 and A1 charac-
ter. Similarly, rovibronic states with |KR| = 1 transform like
E, meaning that the nuclear spin state must also have E char-
acter. This corresponds to the para-CaOCH3 NSI and total nu-
clear spin I = 1/2 [6, 55, 56]. Note that, since ortho↔ para
3 We adopt the notation used in Ref. [52] and label transitions ∆K∆JF1F2 ,
where ∆K = K′−K′′, ∆J = J′− J′′, and F1 and F2 denote the component
character of the excited and ground state, respectively. F1 = 1 applies to
the Ω = 1/2 spin-orbit component of the excited state, while F2 = 1,2
correspond to the upper and lower spin-rotation component of the ground
state, respectively.
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Figure S1. Limitations of K′′ = 1 B˜ state cycling. Due to a struc-
tural coincidence in CaOCH3, the laser required to address N′′ = 1
population (solid arrow) is near-resonant with another transition that
pumps molecules from N′′ = 2 to J′ = 5/2 and out of the cooling
cycle (dashed arrow). This prevents laser cooling and many repump-
ing pathways via the B˜2A1 state in the para-CaOCH3 scheme used in
this work.
transitions are highly suppressed, nuclear spin statistics help
to enforce the ∆KR = 0 selection rule.
We cool the para NSI by interacting with the |KR| = 1
stack. Because states with KR = ±1 come in unresolved op-
posite parity doublets, it is necessary to address more states
to achieve rotational closure. Here we drive pP11, pQ12, and
pP12 transitions from K′′ = 1 to K′ = 0, addressing N′′ = 1 and
N′′ = 2 in the ground state, as previously proposed in Ref. [9]
(see Fig. 1 of main text). The spin-rotation splitting between
(N′′ = 1,J′′ = 1/2,3/2) in the ground state is 10 MHz and
is bridged by a single power-broadened laser. The combined
rotational line strength of the pP11 and pQ12 transitions from
N′′ = 1 is approximately 3x stronger than the pP12 transition
from N′′ = 2 [52].
One repumping laser used in this work addresses the
X˜ 2A1(K′′ = 1,N′′ = 2,J′′ = 3/2,±) → B˜ 2A1(K′ = 1,N′ =
1,J′ = 1/2,±) transition through the B˜ 2A1 state. However,
because the spin-rotation splitting between (K′ = 1,N′ =
1,J′ = 1/2,3/2) is only 70 MHz, excessive power broaden-
ing could lead to rotational loss via J′ = 3/2, and the intensity
of this laser is therefore limited. Additionally, optical cycling
via the B˜ 2A1 state for |KR| = 1 is limited in CaOCH3 by the
fact that the N′′ = 1→ N′ = 1 laser will also drive the nearby
N′′ = 2→ N′ = 2 transition, tending to pump molecules out
of the cooling cycle (Fig. S1).
CaOCH3 vibrational modes
To enumerate the vibrational modes of CaOCH3, we follow
the labeling convention given in Ref. [57]. In this con-
vention, the vibrational modes are grouped by symmetry (A1
and E) and sorted by decreasing frequency. CaOCH3 has 12
(= 3N − 6, where N is the number of atoms in the molecule)
normal modes of vibration, four of which are of A1 symme-
try and four of which are doubly degenerate with E symme-
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Figure S2. Sisyphus cooling scheme and CaOCH3 vibrational normal modes. a, Sisyphus cooling scheme for the case of ∆ > 0 for a
F = 1→ F ′ = 0 transition, as described in the text. b-f, Normal modes of vibration for the CaOCH3 molecule sorted by symmetry and in
order of decreasing frequency. The first four modes are of A1 symmetry, while the last four are of E symmetry and doubly degenerate, giving
a total of 12 modes. Arrows represent the relative motion of specific atoms. The modes are enumerated as : b, n= 1: CH3 symmetric stretch,
c, n = 2: CH3 symmetric bend, d, n = 3: C-O stretch, e, n = 4: Ca-O stretch, f, n = 5: CH3 asymmetric stretch, g, n = 6: CH3 asymmetric
bend, h, n= 7: O-CH3 wag, and i, n= 8: Ca-O-C bend.
try. The modes have been sorted in order and depicted in Fig.
S2b-i. Arrows represent the relative motion of specific atoms.
The modes are enumerated as: n= 1: CH3 symmetric stretch,
n = 2: CH3 symmetric bend, n = 3: C-O stretch (also called
the antisymmetric stretch mode), n = 4: Ca-O stretch (also
called the symmetric stretch mode), n = 5: CH3 asymmetric
stretch, n= 6: CH3 asymmetric bend, n= 7: O-CH3 wag, and
n= 8: Ca-O-C bend. For this work, we only work with modes
n= 3, 4 and 8 as decays to other vibrational modes are highly
suppressed due to symmetry and diagonal branching ratios.
Experimental procedure
Details of the buffer gas beam source can be found in Ref.
[37]. We produce CaOCH3 molecules by ablating a Ca metal
target with ∼ 10 mJ of energy from a pulsed, second har-
monic Nd:YAG laser. We flow∼ 6 standard cubic centimeters
per minute (SCCM) of He buffer gas and ∼ 0.01 SCCM of
methanol into a 50.8 mm long first-stage cryogenic buffer gas
cell with 25.4 mm outer diameter. After thermalizing with He
at T ≈ 2 K in the cell, the resulting CaOCH3 molecules are ex-
tracted through a 5 mm diameter aperture into a second-stage
cell, where further collisions with lower density He buffer gas
reduce the forward velocity to 150± 30 m/s. The resulting
cryogenic beam passes through a 3× 3 mm square aperture
35.5 cm from the cell before entering the cooling region 2 cm
further downstream. Here, molecules experience a variable
magnetic field produced by a circular coil with 15 cm di-
ameter, mounted 10 cm from the cooling region and used to
remix magnetic dark states. The standing wave used for Sisy-
phus cooling is composed of several frequencies as described
above. For ortho-CaOCH3 cooling, the main cooling laser in-
tensity is variable, while the intensity of each repumping laser
is ∼ 400 mW/cm2. For para-CaOCH3 each repumping laser
has an intensity of ∼ 100 mW/cm2. The main cooling laser
light is generated by the second harmonic of a 1258 nm Ra-
man fiber amplifier (RFA) seeded by an external cavity diode
laser (ECDL), while all repumping and imaging light is pro-
duced by continuous-wave (cw) dye lasers.
After cooling, the molecules propagate ∼10 cm before
passing through a cleanup region containing multiple retrore-
flected passes of repumping light, spanning ∼ 25 mm in the
longitudinal direction and with sufficient transverse width to
address the full molecular beam. No magnetic field is applied,
as the Earth’s magnetic field is sufficient to remix dark states.
The molecules are detected 41 cm further downstream by a
circular, ∼ 11 mm diameter beam with ∼ 20 mW of resonant
light addressing the main cooling transition, X˜2A1−A˜2E1/2000,
but produced using an independent laser. For para-CaOCH3,
this light contains N′′ = 1 and N′′ = 2 components, each with
∼ 8 mW of power. To address all magnetic sublevels, the
polarization of the light is switched between orthogonal lin-
ear polarizations at a rate of 1 MHz using a Pockels cell. In
addition, we add ∼ 50-100 mW of 401 repumping light to in-
crease the number of scattered photons in the detection region
(for para-CaOCH3 this only contains the N′′ = 1 component).
Laser-induced fluorescence (LIF) photons are collected on an
EMCCD camera (Andor iXon Ultra 897) for a duration of
15 ms starting 1 ms after the initial ablation pulse. To ac-
count for fluctuations in molecule numbers, the experiment
is run at a repetition rate of ∼ 2 s−1, with shots alternating
between Sisyphus cooled/heated and unperturbed configura-
tions. Beam traces depicted in Fig. 3 of the main text are
obtained by averaging over 150 repetitions of the experiment
while each data point shown in Fig. 4 of the main text is the
average of 50 repetitions of the experiment.
Sisyphus mechanism and characteristic quantities
The Sisyphus process for a simplified F = 1→ F ′ = 0 tran-
sition is depicted in Fig. S2a. The standing wave is linearly
polarized and only addresses ∆mF = 0 transitions, causing a
sinusoidal, spatially varying AC Stark shift for molecules in
the mF = 0 ground state. The |mF | = 1 states are dark. A
9molecule starting out at velocity v in the bright state is forced
to climb a potential hill (for ∆> 0), leading to a loss in kinetic
energy. As it approaches the top of the hill where the light is
most intense, the molecule is optically pumped preferentially
into a dark ground state, imparting the gained potential energy
to the emitted photon. In the case of Sisyphus heating (∆< 0),
the opposite occurs and the molecule gains kinetic energy as
it descends the hill before optical pumping occurs. This pro-
cess is optimized if the time between scattering events γ−1,
where γ is the scattering rate, corresponds to the travel time
of the molecule from a node to an antinode of the potential,
λ/4v. For ortho-CaOCH3, this gives an estimated capture ve-
locity vc = λγ/4≈ 2 m/s, using the measured scattering rate of
γ/(2pi)≈ 2×106 s−1. This estimate is consistent with values
reported in the main text.
Molecules undergo Larmor precession near nodes of the
standing wave due to the external magnetic field, allowing
remixing of the mF sublevels. This effect is optimized when
the precession time, (geffµBB/~)−1, is equal to the travel time
of the molecule from antinode to node of the standing wave.
Here µB is the Bohr magneton, B is the applied magnetic field,
~ is the Planck constant, and geff = 1/3 is the degeneracy-
weighted Landé g-factor of the ground state hyperfine com-
ponents of CaOCH3. This gives an estimate for the optimal B
field B0 = 4~v/(geffµBλ)≈ 1.6 G for ortho-CaOCH3, assum-
ing the average velocity is vc/2 [36].
We note that other sub-Doppler processes like grey mo-
lasses and polarization gradient cooling can also occur in our
system [58]. However, for the linearly polarized intensity
standing wave and finite magnetic fields used in this work,
the magnetically assisted Sisyphus effect dominates.
Beam fitting protocol
The integrated 1D unperturbed beam traces are fit to a single
Gaussian distribution to obtain the unperturbed width σunp.
The traces pertaining to Sisyphus heating or cooling are in-
stead fit to the sum of two Gaussian distributions,
y= y0 +Aexp(−(x− xc)2/2σ2w)
+Bexp(−(x− xc)2/2σ2n) (S1)
where y0 is an offset, A and B are fit amplitudes, and xc is the
center position.
This function fits very well to both cooling and heating pro-
files. For ∆> 0, the narrower Gaussian (σn) corresponds to the
fraction captured by the Sisyphus mechanism and may be used
to determine properties of the Sisyphus-cooled molecules (the
wider Gaussian with width σw corresponds to molecules with
|v| > |vc|). For ∆ < 0, however, the molecules within |vc|
are heated outwards but start accumulating at a point where
Doppler cooling balances Sisyphus heating. This leads to the
bimodal structure seen in Fig. 3 of the main text. In this case,
the width σn no longer strictly corresponds to the fraction of
molecules captured by the Sisyphus mechanism. To mitigate
this distinction and have a consistent definition of beam width,
we define the width as the 1/
√
e radius of the beam profile.
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Figure S3. Curve fitting protocol. The fitting procedure is illus-
trated for a, a Sisyphus cooled beam profile at ∆ = +25 MHz and
b, a Sisyphus heated profile at ∆ = −15 MHz. Plotted are the data
(circles), overall fit (blue curve), wide Gaussian contribution (green
curve), and narrow Gaussian contribution (pink shaded region). The
vertical axis for both panels is normalized to the Sisyphus cooled
peak. For Sisyphus cooling (∆ > 0) only, the cooled fraction is de-
fined as the shaded area divided by the total area. In addition, arrows
define the model-independent beam width. For cooling (a), this is
the distance from the peak at which the normalized LIF signal drops
to 1/
√
e ≈ 0.61. For heating (b), this is the furthest distance from
the center at which the LIF signal drops to 1/
√
e of the mean height
of the two spatially separated peaks.
For the case of cooling, this is defined relative to the height
of the large central peak, while for heating it is defined with
respect to the average peak height of the two side lobes (Fig.
S3).
In addition to the beam width, we can also define a cooled
fraction for the case of ∆> 0 as the ratio of the area under the
narrow Gaussian fit to the total area (Fig. S3). This quantity
has physical meaning and depends on the capture velocity vc
and the efficiency of the cooling process.
The resonance condition (∆ = 0) is determined by match-
ing the perturbed beam width to the unperturbed beam (grey
shaded region in Fig. 4a of the main text). We determine this
frequency to be 5 MHz blue-detuned from the X˜ 2A100(J =
3/2) state and 15 MHz red-detuned from the X˜ 2A100(J =
1/2) component, which is consistent with the former state
having twice as many sublevels.
Estimation of photon number
We estimate the number of scattered photons from the sur-
vival fraction, defined as the ratio of the integrated area of
the Sisyphus cooled/heated images to that of the unperturbed
beam. This provides a measure of the number of molecules
remaining in the optical cycling transition, or equivalently,
the fraction of molecules lost to vibrational dark states. The
survival fraction is directly related to the number of scat-
tered photons via vibrational branching ratios (VBRs), and
its variation with detuning and intensity is shown in Fig. S4.
For optimized Sisyphus cooling parameters of 600 mW/cm2,
∆ = +25 MHz, and |B| = 1 G, we measure a survival frac-
tion of 49(3)%, while the survival fraction reaches a mini-
mum value of 38(1)% on resonance where the scattering rate
is maximized.
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Figure S4. Variation of survival fraction for ortho-CaOCH3.
a, Variation of the survival fraction with detuning ∆ at an intensity
of 400 mW/cm2 and a remixing field of |B| = 1 G. On resonance,
the survival fraction reaches a minimum of 38(1)%. It increases
away from resonance as the scattering rate decreases. b, Varia-
tion with cooling laser intensity at ∆ = +25 MHz and |B| = 1 G.
The survival fraction saturates to 49(3)% for intensities greater than
∼ 600 mW/cm2. In both panels, the grey line indicates a survival
fraction of 50%.
Decay Branching Ratio
000A˜
2E1/2→ X˜2A1 0.925(7)
401A˜
2E1/2→ X˜2A1 0.060(2)
301A˜
2E1/2→ X˜2A1 8.6+0.7−3.2×10−3
Other 6.4+5.3−5.0×10−3
Table I. Approximate branching ratios determined for CaOCH3 laser
cooling transitions as described in the text. These rely on both ex-
isting dispersed fluorescence measurements [33] as well as indepen-
dent optical pumping measurements conducted over the course of the
present work.
We model photon scattering as a Bernoulli process starting
with the VBRs measured in Ref. [33]. In order to estimate
the effect of small decay channels not observed in that work,
we include an additional branching ratio rother characterizing
loss to all such states. We then vary this parameter subject
to two conditions: (1) the remaining VBRs, when properly
scaled to ignore the effect of rother, agree within error with
Ref. [33], and (2) the results agree with measurements taken
over the course of this work characterizing the loss to ex-
cited vibrational levels after photon cycling on some subset
of known states. Specifically, we measure that after depleting
all population from the X˜ 2A100 state via photon cycling on the
X˜ 2A1− A˜ 2E1/2000 vibronic transition, 80(10)% of molecules
are found in the X˜ 2A141 state. Additionally, after cycling pho-
tons on both the X˜ 2A1− A˜ 2E1/2000 main and X˜ 2A1− B˜ 2A1401
repumping transitions, 50(10)% of lost molecules can be re-
covered from the X˜ 2A131 state. Using this procedure, we in-
fer VBRs for decay from the A˜ 2E1/2 state, given in Table I.
We cannot independently determine the VBRs from the B˜ 2A1
state and fix these at the values from Ref. [33] while conserva-
tively including an additional loss rBother = 0.005, though this
only weakly affects the final result.
Effective scattering rates
The maximum scattering rate in a multi-level system can be
related to the total number of ground states ng and excited
states ne by the expression Γmax = Γ neng+ne , where Γ is the
natural linewidth of the main cycling transition [39]. In the
ortho-CaOCH3 (K′′ = 0) cooling scheme, including hyperfine
structure with I = 3/2 we have ng = 24 and ne = 8, leading to
a maximum scattering rate Γ(0)max = Γ/4. In the para-CaOCH3
case with I = 1/2, we couple the N′′ = 1(J′′ = 1/2,3/2) and
N′′ = 2(J′′ = 3/2) manifolds of the X˜ 2A100 ground state, as
well as the N′′ = 1(J′′ = 1/2,3/2) components of the X˜ 2A141
level, to the A˜ 2E1/2 state. After accounting for the parity dou-
bling of every level, this gives ng = 64 and ne = 8; there-
fore Γ(1)max = Γ/9. Assuming Γ is the same for both cycling
schemes, we therefore expect a reduction of Γ(0)max/Γ
(1)
max ≈ 9/4
in scattering rate for para-CaOCH3 cycling compared to the
ortho NSI.
Temperature determination
In order to determine the temperature of the molecules, we
perform a Monte Carlo (MC) simulation of the molecular
beam propagation in 3D and match the transverse width in the
detection region to our data. We then use the velocity spread
of the MC simulated beam, σv =
√
kBT⊥/m, where kB is the
Boltzmann constant and m is the mass of CaOCH3, to deter-
mine the beam temperature T⊥. After initial beam propagation
through the 3× 3 mm collimating aperture, we find a spatial
beam width σx = 6.1(1) mm, corresponding to a temperature
T⊥ = 22± 1 mK. By decreasing σv in the MC simulation at
the location of the cooling light in order to match the cooled
beam width in detection, we find a cooled beam temperature
of T⊥ = 730±300 µK, corresponding to a ∼ 30x temperature
reduction of the captured molecules.
Simulation
The experimental setup is modeled by a MC simulation of the
full three-dimensional CaOCH3 molecular beam. The beam
is initialized at the cell exit aperture and ballistically prop-
agated through the collimating aperture to the laser cooling
region. Any molecules that do not make it through the aper-
ture are discarded. Interaction with the cooling light is mod-
eled by propagating the optical Bloch equations describing the
internal state evolution of the molecules. The average force
and scattering rate is computed once the molecular operators
reach a periodic steady state that tracks the periodicity of the
molecule-light Hamiltonian. Further details of the approach
may be found in Refs. [34, 40, 41]. This procedure is repeated
for the full transverse velocity distribution to obtain force pro-
files used to simulate the propagation of molecules through
the cooling light. Once the molecules have left the cooling re-
gion, they are ballistically propagated to the detection region,
where smoothed histograms are computed to reproduce spa-
tial beam profiles similar to those of Fig. 3 of the main text.
Simulated beam widths and cooled fractions are computed for
the smoothed profiles in the same manner as for the experi-
mental data. The lower and upper bounds for the shaded areas
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shown in Fig. 4 of the main paper are computed by scaling the
average force profile by the relative uncertainty in the number
of scattered photons quoted in the main text (∼ 0.6 and ∼ 2.3
for the lower and upper bounds, respectively). For the varia-
tion of cooled fraction with B field (Fig. 4c of main text), a
constant offset field of 0.4 G was assumed in addition to the
variable external field to account for Earth’s magnetic field,
especially important around B= 0.
To account for the simultaneous excitation of both spin-
rotation components in the N′′ = 1 state, the force profiles
used in the simulation are averages of the profiles computed
for separate J′′ = 1/2↔ J′ = 1/2 and J′′ = 3/2↔ J′ = 1/2
subsystems, weighted by the number of ground states in each
subsystem. This follows the approach described in Ref. [30].
The simulation does not implicitly take into account the re-
duced scattering rate of a multi-level system, so the force pro-
files are instead explicitly scaled according to the effective
scattering rate Γ(0)max = Γ/4, as discussed above. This results
in good agreement between the simulated and experimentally
measured scattering rates. Hyperfine interactions are unre-
solved across the experimental parameters investigated and
are therefore not included in the model.
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